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Devices such as electric vehicles and wind power generators utilize the magnetic energy of permanent 
magnet. To meet the increasing demand for such devices, researchers have actively developed 
permanent magnets with higher efficiencies and lower cost. Magnetic energy is represented by the 
energy product BH, which is twice the energy stored in the stray field outside the magnet. It can be 
obtained from the volume integral of the square of the stray field outside the magnet, or from the volume 
integral of the dot product between the demagnetizing field Hd and the internal magnetic flux density 
B. The maximum energy product, (BH)max is widely used as a figure of merit for evaluating the 
performance of hard-magnetic materials. (BH)max should be evaluated rigorously from the hysteresis 
loop by considering the exact working point, which is determined by the shape of the magnet. However, 
many researchers still use (BH)max obtained from the hysteresis loop of a certain shape as a 
representation of the material, even though the only information BH from a certain shape of the magnet 
is an energy product at the remanent state. Thus, correctly calculated (BH)max was compared with that 
of obtained from conventional way through several models by using micromagnetic simulation. 
To obtain high energy product for permanent magnet, high saturation magnetization and coercivity 
is essential. However, there is still large discrepancy between theory and practice. This clear 
contradiction is called Brown’s paradox. One of the main reasons for the paradox is known as 
microstructure including grain properties, grain boundary, crystalline anisotropy distribution, and so on. 
Despite this importance, the effect of microstructure on magnetic properties have not much been studied. 
Thus, the effect of various microstructure has been discussed by theoretical and numerical methods, 
and then the microstructures having high energy product are proposed. Furthermore, cylindrical 
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1.1 Permanent Magnet 
Devices such as electric vehicles and wind power generators utilize the magnetic energy of permanent 
magnet. To meet the increasing demand for such devices, researchers have actively developed 
permanent magnets with higher efficiencies and lower cost [1]–[8]. Nonetheless how strong magnetic 
field emitted is important, it is hard to measure the magnetostatic energy from magnetic field distributed 
in free space. Hence, the performance of permanent magnet is epitomized by the energy product, which 
is equal to twice the magnetostatic energy stored in free space divided by the volume of the magnet. It 
can be obtained from the volume integral of the square of the stray field outside the magnet, or from 
the volume integral of the dot product between the demagnetizing field Hd and the internal magnetic 
flux density B. Especially, the maximum energy product, (BH)max is widely used as a figure of merit for 
evaluating the performance of hard-magnetic materials. (BH)max should be evaluated rigorously from 
the hysteresis loop by considering the exact working point, which is determined by the shape of the 
magnet. However, many researchers still use (BH)max obtained from the hysteresis loop of a certain 
shape as a representation of the material, even though the only information BH from a certain shape of 
the magnet is an energy product at the remanent state. Thus, correctly calculated (BH)max was compared 
with that of obtained from conventional way through several models by using micromagnetic simulation. 
To obtain high energy product for permanent magnet, high saturation magnetization and coercivity is 
essential. However, there is still large discrepancy between theory and practice [9]. This clear 
contradiction is called Brown’s paradox (Figure 1.1). The coercivity is essential for attaining theoretical 
maximum energy product, nonetheless there is no direct contribution for energy product to the 
coercivity. Unlike the intrinsic properties for permanent magnet, the coercivity is largely affected by 
the microstructure of the magnetic system. Of course, the anisotropy field is determined by 
magnetocrystalline anisotropy energy of the magnet. To make a better permanent magnet, it seems 
essential to design and control the microstructure. However, the microstructure is too complicated to 
make simplified model and had not been theoretically well established. In recent year, it is possible to 
study complicated microstructure by development of computing technology, and many researchers had 
been investigated microstructure properties of magnet. But the study for the microstructure still has a 
bunch of problems to solve. In this thesis, I tried to set the correct theory for the effect of the 
microstructure on the magnetic properties for permanent magnet up by combination of micromagnetic 





Figure 1.1 Brown’s paradox: The experimentally realized coercivities amount to a factor of 3 – 5 






To decrease the discrepancy between theoretical anisotropy field HA and experimentally measured 
coercivity, the study for the microstructure must be carried out. At first, I tried to set the correct theory 
for understanding the physics of the magnet. Even if the energy product is important figure-of-merit to 
estimate the magnetic materials, the physical meaning of the energy product has been overlooked due 
to an experimental limit such as hardness measuring the internal magnetic field. Thus, I will cover the 
detailed theoretical background for the permanent magnet, the reason what determines the energy 
product of a magnet, why coercivity is important.  
Next, through an understanding of the microstructure of the magnets, the models for investigating the 
effect of the microstructure on the magnetic properties for the permanent magnet is established and 
calculated by micromagnetic solver [10]. In order to simulate the correct system, underlying physics is 
considered to the model system, which is critical factor such as the exchange length, singe domain size, 
the degree of grain anisotropy alignment, and so on. By maximizing the advantages of the 
micromagnetic simulation, various physical quantities are studied from the simulated model structure. 
In spite of the importance of these physical quantities, it is not easy to obtain through experiments. In 
this thesis, the microstructure characteristics of magnets were analyzed and the basis for designing an 
optimized structure was established through these physical quantities’ analysis. 
To develop the magnet having high energy product, exchange-coupled magnet is proposed, which 
combines the high coercivity of the hard magnet with the high saturation magnetization of the soft 
magnet. Since an exchange-coupled magnet is a magnet utilizing quantum mechanical exchange 
interaction that affects a short distance (~nm), the ratio of the material in the magnet and interfacial 
properties have a great influence on the magnetic properties of the entire magnet. From the studies via 
micromagnetic simulation, the elaborately designed structures can be investigated and the optimized 




2. Theoretical Development 
2.1 Micromagnetic Energy 
Magnetic System is to be sure to follow a result of minimizing the total free energy, which means the 
system is stabilized at a local or absolute energy minimum. Magnetic energy density is consisted of 
many energy terms [11], [12]. But here I cover four main energy terms for magnetic system. 
exc ani demag ZeemanE E E E E= + + +  
The first term comes from exchange interaction, which is originated by quantum mechanical 
interference between wave function of two electrons. The exchange energy is one of the powerful 
energies for making magnetic arrangement, and expressed as 
exc ij i jE J S S= −   
where ijJ  is the exchange constant between iS  and jS , which affecting alignment of neighboring 
spin moments. Positive value of the exchange constant makes the spin moments heading same direction, 
which results in the phenomenon of long-range magnetic order.  
The energy of a magnet depends on the direction of the magnetization with respect to the crystal axes. 
This property comes known as the magnetic anisotropy is the origin of hysteresis and coercivity of the 
magnet, and the anisotropy energy is most important energy for permanent magnet determining its 
anisotropy field. The value of this anisotropy energy classifies soft magnetic materials and hard 
magnetic materials. Since the difference between energy by direction is large, the materials having 
uniaxial anisotropy energy is used for permanent magnet, and the uniaxial anisotropy energy density is 
represented on below equation. 
2 4 6
ani 1 2 3sin sin sinE K K K  = + +  
Where K1, K2, and K3 are the first, second, and third uniaxial anisotropy constants, respectively. The 
exchange length, which is the length scale where the magnetization changes smoothly without strong 








In the case of hard magnet, the exchange length calculated from the uniaxial anisotropy energy is usually 
smaller than the exchange length calculated from the saturation magnetization.  
The third energy term is demagnetizing energy, which is originated from the magnetostatic interaction 
of a pair of magnetic dipoles. The demagnetizing energy is related with the shape of the magnet. To 
decrease the energy from interaction between dipoles, the demagnetizing energy is minimized at needle-







dE M H= −   
Where Hd is the demagnetizing field inside the magnet. 
Finally, Zeeman energy is considered for micromagnetic simulation of the magnetic system. Zeeman 
energy is the potential energy of a magnet in the external magnetic field and expressed like next 
equation. 
Zeeman 0 appE M H=   
Where Happ is the external magnetic field. 
 Most of magnetic phenomena including magnetic hysteresis, domain wall, and so on, are originated 




2.2 Stoner-Wohlfarth Model 
To calculate the hysteresis loop for ferromagnetic materials, there is very popular and powerful model 
known as Stoner-Wohlfarth model [13]–[15], which was proposed in 1948. The model firstly assumes 
a single magnetic particle having parallel spin alignment, which means that the spin moments rotate 
coherently without the generation of domain wall. In addition, the exchange energy is considered as 
constant, not involving in energy minimization. The demagnetizing energy is also neglected in Stoner-
Wohlfarth model. There are then only uniaxial crystalline anisotropy energy and Zeeman energy from 
interaction between magnetic moments and the applied magnetic field to be considered. Figure 2.2 
shows a schematic image of a Stoner-Wohlfarth particle for the model. 
 
As mentioned in previous paragraph, the total energy density of the system is composed of uniaxial 
anisotropy energy from an angle difference, ( ) −  , between direction of the easy axis of the 
magnetic system and that of the magnetization, M, and Zeeman energy from the angle difference,  , 
between the direction of the magnetization and that of the applied magnetic field, Happ, which is 
expressed below. 




   = − −  
The energy density can be minimized to find the direction of the magnetization at given applied 
magnetic field, and the direction of the magnetization results in a magnetic hysteresis loop along the 
direction of the applied field. The equation is normalized to dimensionless equation by using a 

















   = = − −  
For given values of   and h, the magnetization will choose the angle,  , which minimizes the energy 
density, and the solution is expressed as 
( ) ( )sin cos sin 0h

    


= − − − + =

 
Because the above solution alone cannot distinguish whether the energy is minimum or maximum, the 
second derivative of the energy density should be larger than zero.  




cos sin cos 0h
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    
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Figure 2.1 shows representative hysteresis loop calculated from energy density with increasing field 
magnitude, where the Stoner-Wohlfarth particle in the applied field along the angle / 5 =  with 
the easy axis. When the applied field gradually changes from large negative value to large positive value, 
multiple minima at several angle appear and disappear. For instance, energy minimum at h = −0.7 
becomes shallow with the increase of the applied magnetic field, and it is expressed in Figure 2.1 (a). 
When h becomes −0.46, another minimum point appears at certain angle. With continuous increase 
the applied field, new energy minimum has lower energy density than former minimum. However, 
energy barrier between energy minima interrupts energy transition to lower energy, and this is the origin 
of hysteresis. After the local energy minimum disappears, energy transition to global minimum occurs. 
The stable states are expressed with colored circle, and the angle   at local energy minimum results 
in the magnetization with cossM M = . Finally, the Stoner-Wohlfarth hysteresis loop comes out in 
Figure 2.1 (b). From this way, the magnetization in applied field direction for various angles   is 
shown in Figure 2.3. For 0 = , the model shows a perfect square loop whose coercivity is equal to 
the anisotropy field 1 02 /a sH K M= . For hard axis loop, where   is / 2 , the magnetization is 
linearly increased by the increase of external magnetic field. In other words, the magnetization of the 
case is proportional to the applied magnetic field with zero coercivity and saturated at h = ±1. 
Most powerful point of this theory is so simple to add some extra features easily on the model. Thus, 
models considering second order anisotropy term and anisotropy distribution of nanostructure will be 




Figure 2.2 A Stoner-Wohlfarth particle 
 
Figure 2.1 (a) Energy density of Stoner-Wohlfarth model with the change of the angle, θ, where the 
external field is applied with the angle(ω) of π/5. (b) Magnetic hysteresis loop calculated from energy 




Figure 2.3 Stoner-Wohlfarth Magnetic hysteresis loops as a function of normalized magnetization and 
applied magnetic field. The loops are calculated by the change of angle between the easy axis and the 






2.3 Magnetic Hysteresis 
In general, spontaneous magnetization of a ferromagnetic materials exhibits different hysteresis 
characteristics depending on the direction of the applied magnetic field. This property is measured like 
magnetic hysteresis loops shown in Figure 2.4. As shown in Figure 2.4 (b), various physical quantities 
related to magnetism, magnetic moment (M) and magnetic flux density (B magnetic field, B-field) or 
magnetic field strength (H magnetic field, H-field), and the hysteresis curve can be converted into 
several physical quantities from their relationship, which will be introduced next.  
In free space, B-field vector and H-field vector have a relation like below. 
0=B H  
B-field also includes magnetization (M) in the magnet having magnetic moments and expressed below. 
( )0= +B H M  
Where 0  is the magnetic permeability. In addition, H-field inside the magnet can be classified into 
eternally applied magnetic field (Happ) and demagnetizing field emitted by magnetization (M). Because 
the demagnetizing field generated inside the magnet is hard to measure by experiment, the 
demagnetizing field should be theoretically calculated. If the magnetic moments inside the magnet are 
coherent, the demagnetizing field can be expressed using tensor (ℕ).  
dH M= −  
The demagnetizing tensor is determined by the shape of the magnetic body, and in typical structures 
such as sphere, ellipsoids, and thin film, the demagnetizing tensor can be expressed by approximating 
the demagnetizing factor (N) as a constant as shown below. 
dH NM −  
Here, the demagnetizing factor (N) varies depending on the shape of the magnet and the direction of 
the magnetic moments. For instance, in the case of a sphere, since it is symmetric in all directions, N = 
1/3 regardless of the direction. On the other hands, in the case of a thin film, N is to be 1 along the 
perpendicular direction to the thin film plane, and N = 0 if it is parallel to the thin film plane. In the case 
of a cylinder, it depends on the ratio of the diameter and the height, but when the diameter is about twice 
the height, N is to be 1/2. At this point, the demagnetizing factor (N) can be approximated as the average 
of the values of each of the finely divided parts of the magnet and the demagnetizing factors are 
calculated by micromagnetic simulation from modeling of the magnetic system and plotted in Figure 
2.5. Using this term, H-field and B-field can be expressed below. 
app d appH H H H NM= +  −  
( ) ( ) ( )( )0 0 0 1app appB H M H NM M H N M  = +  − + = + −  
11 
 
Each kinds of hysteresis curve have several characteristics. When the magnetic moment is saturated, 
the B-field is in a simple proportional relationship with a constant of μ0 for H-field and the applied 
magnetic field. Figure 2.6 (a) shows the hysteresis curve assuming various demagnetizing factor (N) 
for the M(Happ) curve of a typical permanent magnet in Figure 2.4 (a). When a magnet is used in practice, 
most of the cases do not have an applied magnetic field, so the remanent magnetization Mr and the 
remanent magnetic flux density (remanent magnetic flux) Br, which are the values when Happ = 0, are 
important values for estimating the performance of the magnetic material. do. As mentioned above, the 
demagnetizing factor N varies depending on the shape of the magnetic material and the relative 
magnetization direction, and as shown in Figure 2.6 (b), it has a completely different Br value for the 
same M(Happ) curve, which has almost the same intrinsic properties. This is because 
( )0 1r rB N M= −  is a strong permanent magnet having high squareness hysteresis loop, so even if 
the Mr value does not change by the shape, it can have the demagnetizing factor (N), that is, the remanent 
magnetic flux Br value very different depending on the shape. The important point is that the M(Happ) 
curve can also vary depending on the shape of the magnetic body. There is little difference in the case 
of a very strong permanent magnet, but a different hysteresis curve is measured according to the shape 
of a general magnetic material. This is determined by the relative size between the shape anisotropy and 
the magnetocrystalline anisotropy. In the case of a strong permanent magnet having rare earth element 
such as NdFeB, almost the same M(Happ) curve is measured unless it is in the form of a very thin film 
because magnetic anisotropy is much larger than shape magnetic anisotropy. But in the case of soft 
magnetic materials, very different M(Happ) curve can be measured if the shape of the magnet changes 






Figure 2.4 (a) Magnetization, M for a permanent magnet as a function of the applied field, Happ. (b) 
Distribution of the magnetic field strength, H, the magnetization, M, and the magnetic flux density, B, 
as well as their relation at the point P inside the magnet. (c) M, and B for a permanent magnet as a 
function of the applied field, Happ or the internal field, H. Ms, Hc, and N indicate the saturation 
magnetization, the coercivity, and the demagnetizing factor, respectively. 
 
Figure 2.5 Demagnetizing factor (N) calculated by micromagnetic simulation. The change of 
demagnetizing (N) by aspect ratio change of ellipsoid, cylinder, cube structure having diameter (D), and 




Figure 2.6 Hysteresis loops of the magnetization, M (a) and the magnetic flux density, B (b) as a 
function of the internal field, H with various demagnetizing factor N = 0.25, 0.5, and 0.75. Br indicates 




2.4 Energy Product 
The Energy produced by a magnet can be largely divided into magnetostatic energy formed inside 
the magnet and outside the magnet [16]. In general, using a magnet means using the magnetic field 
around the magnet generated from it, so it is necessary to calculate the energy from the external 
magnetic field. First, the self-magnetostatic energy (Em) formed inside a magnet with a volume of V is 







E H M d r= −   
Since M is to be zero outside the magnet, it becomes the same value even if it is integrated over all 
spaces in from the equation. Since there is no applied field, ( )0 dB H M= +   and thus 





m d dE H B H d r= −   
Applying the fact that 3
allspace






m dE H d r=   
The energy produced by H-field can be obtained as 3
1
2 V
B H d r

  for given space (V) and 0B H=  





E H d r

=   
Therefore, the energy from demagnetizing field (Hd) that the magnet we want to find out can be 
calculated as flows by applying upper equations to all spaces except for the magnet inside. 
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E H M d r H d r = −  −   





E B H d r= −   
That is, the energy outside the magnet can be obtained by integrating the inner product of the B-field 
inside the magnet and demagnetizing field (Hd). From this equation, the meaning of the energy product, 
which is used as figure-of-merit for estimating the performance of the magnet, can be seen. The energy 
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B H d r−   inside the magnet is twice the 
energy outside the magnet from the magnetic field generated by the magnet. In particular, the important 
thing is that H-field inside the magnet for the energy product at remanent state is only the magnetizing 
field.  
 The energy of the magnetic field generated by a magnet to the outside is basically when there is no 
external magnetic field applied. If there is an external magnetic field, the energy is supplied form the 
outside, so only the energy of the magnet itself is not included. Therefore, only the remanent magnetic 
flux (Br) and the remanent magnetization (Mr) are related to the energy produced by the magnetic 
materials in a given magnetic hysteresis curve. That is, the energy per unit volume can be expressed by 
the product of the remanent magnetic flux (Br) and the demagnetizing field (Hd) created by the remanent 
magnetization (Mr). 
( ) ( ) ( )2 20 0d r r r r rB H B NM NM M N N M −  = − − = − − + = − −  
The demagnetizing field is directly related to the value of the demagnetizing factor (N), which is 
determined by the shape of the magnet. This means that even with the same magnetic material, the 
energy product is different depending on the shape and direction of the magnetization. According to 
upper equation, it can be seen that there is little energy in the case where the demagnetizing factor N is 
made in the form of a thin film close to 1 or a needle-like shape where N is close to 0. In addition, the 
maximum energy product can be inferred from this equation. In general, in the case of a strong 
permanent magnet, it can be considered that the remanent magnetization (Mr) is almost the same as the 
saturation magnetization (Ms) regardless of the shape and the magnetization direction. In this case, the 
equation can be converted to next below equation. 
( )2 20d sB H N N M−  = −  
And the energy is maximized with ( ) 20max / 4sBH M=  at N = 1/2. Normally, since the remanent 
magnetization is smaller than the saturation magnetization, it generally follows relationship. 
( ) 20max / 4sBH M  
In other words, the theoretical maximum energy product per unit volume is a value that depends only 
on the saturation magnetization (Ms), and the shape of the magnet is N = 1/2. Assuming a cylindrical 
magnetic material, as mentioned before, the diameter is about twice the height. However, in general 
since the remanent magnetization is not the same as the saturation magnetization and varies depending 
on the shape. In principle, in order to know the exact value of the maximum energy product for given 
magnetic material, the magnet should be manufactured in various shapes and the energy product should 
be calculated from the remanent magnetization according to each shape. However, since it takes a lot 
of time and effort to obtain the maximum energy product in this way, the maximum energy product is 
16 
 
usually obtained from the hysteresis curve of one shape through several assumptions. The energy 
product can be obtained from the B(H) curve in Figure 2.6 (b). As previously discussed, the energy 
product is ( )r rB NM− − , which is a point on second quadrant point making area of a rectangle created 
by a line perpendicular to the x and y axes when there is no external magnetic field (Happ = 0), and it is 
shown in Figure 2.7 (a). The straight line passing through the origin and the point in second quadrant is 
called a load line and has a different slope depending on the shape of the magnet (demagnetizing factor, 
N). In general, if the coercive force is sufficiently large and the remanent magnetization (Mr) does not 
vary according to the shape of the magnet, the B(H) curve of the second quadrant becomes the same 
line regardless of the shape. In other words, when H = 0, B has a value of 0 rM , resulting in a straight 
line with a y-axis intercept of 0 rM  and a slope of 0 . Thus, as shown in Figure 2.7 (b), if the B(H) 
curves of the magnet with different shapes are drawn together in the second quadrant, the curves are 
drawn on the same straight line, and the magnets having different shape have different points 
( ),r rNM B−  called working points. If we obtain the resulting energy product, it can be expressed as 





Figure 2.7 (a) The second quadrant of the B-H hysteresis loop with the demagnetizing factor N = 0.5. 
Shaded area indicates the energy product for given N = 0.5 at the remanent state. (b) The second 
quadrant of the B-H hysteresis loops for all three values of N. Open circles indicate the working point 





2.5 Problem of Maximum Energy Product Prediction 
In order to predict the maximum energy product of a magnet, in principle, the magnets having various 
shapes must be manufactured and the maximum value must be derived from the product of each 
remanent magnetic flux (Br) and the demagnetizing field ( rNM− ) at remanent state [16], [17]. As 
discussed in previous chapter, the second quadrant B(H) curve is obtained for one shape, and the energy 
product according to the shape is inferred from the rectangular area created by a point of the curve and 
a line perpendicular to each axis, and the maximum energy product is predicted from this. In this chapter, 
the limitations of theses predicted value are covered. 
First, I start by assuming the condition, where the magnetic hysteresis curve M(Happ) of the magnet 
does not change according to the shape of the magnet and the remanent magnetization (Mr) is the same 
as the saturation magnetization (Ms). In other words, the remanent magnetization and coercivity (Hc) 
are determined by the unique values of a given magnetic material. Here, the coercive force means H-
field or an applied magnetic field (Happ) value at which the magnetization value or magnetic flux 
becomes 0 in the hysteresis curve. In the M(Happ) curve and the B(H) curve, the coercivity has different 
values. In the M(Happ) curve the intrinsic coercivity (iHc) and in the B(H) curve the inductive coercivity 
(bHc) are used, respectively.  
If the M(Happ) curve is limited to not depend on the shape, iHc, the intrinsic coercive force, does not 
change according to the shape of the magnet. However, since the B(H) curve is highly dependent on the 
shape, the inductive coercive force bHc also varies largely depending on the shape. In principle, the 
energy product has no relation with the coercive force since it is determined by the remanent 
magnetization (Mr) without the external magnetic field and the demagnetizing field at this time, but 
when predicting the maximum energy product from the magnet of one shape, an incorrect energy 
product may be derived due to his coercive force.  
If the magnetic hysteresis loop does not depend on the shape of the magnet, it has the same remanent 
magnetization (Mr) in any shape and the remanent magnetic flux (Br) is ( )0 1 rN M − , so a straight 
line that depends only on the demagnetizing factor as shown in Figure 2.7 (b). And this straight line 
passes through both the x and y axes. When the coercive force is large enough (usually when the intrinsic 
coercivity iHc is larger than 0 sM ), the B(H) curve of the second quadrant becomes the same line 
regardless of the shape and the x-axis intercept of the y-axis is the same. By measuring only magnet of 
an arbitrary shape, energy product of all shapes can be derived without problems. An shown in Figure 
2.8, there is no problem in deriving the maximum energy product form the ( )0 appH M +  curve 
along Happ, which is a method that is mainly used experimentally, because it is also represented by the 
same straight line in the second quadrant. 
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 Figure 2.9 shows the M(Happ) curve B(H) curve of the second quadrant according to the various 
coercive forces and the demagnetizing factor (N), the ( )0 appH M +  curve according to Happ, and the 
energy product predicted from each curve. If the coercive force is less than the saturation magnetization 
(Ms), the hysteresis curves of the second quadrant do not appear as a single straight line but become a 
broken line and the predicted value of the energy product is different from the original value. In the case 
of the load line with a low demagnetizing factor, the energy product is predicted well, but wrong value 
of the energy product is predicted above a certain demagnetizing factor. Since the purpose of predicting 
the energy product is to know the maximum energy product of a given magnetic material, it is only 
necessary to correctly deduce the maximum energy product even if an incorrect prediction is made 
above a certain value. However, as shown in Figure 2.9, depending on the coercive force, the maximum 
energy product can be incorrectly predicted. 
 Firstly, let us focus on the case of predicting the maximum energy product with ( )0 appH M +  
curve along Happ (the curve shown in navy line in Figure 2.9). The curve has no relation to the 
demagnetizing factor because it does not include any parameters depending on the shape of the magnet. 
When the demagnetizing coefficient is N = 1/2, the maximum energy product is obtained. Therefore, in 
order to correctly predict the maximum value, the energy product must be correctly predicted up to the 
demagnetizing factor corresponding to this value. So, the intrinsic coercivity iHc should be at least larger 
than 1/2Ms. On the other hand, since the B(H) curve is affected by the shape of the magnet, that is, since 
the demagnetizing factor, if the coercive force is small, the slope of the load line (demagnetizing factor, 
N) from which erroneous energy product prediction starts is determined depending on the shape. Finally, 
in some case of the shape, the maximum energy product is incorrectly predicted. However, when the 
intrinsic coercivity iHc is greater than 1/2Ms, the maximum energy product of any shape can be correctly 
predicted, and even when the intrinsic coercivity is less than 1/2Ms, the prediction for the maximum 





Figure 2.8 The hysteresis loop of ( )0 app +H Mμ  as a function of the applied field, appH  and the 





Figure 2.9 The second quadrant of the B-H and ( )0 app +H Mμ  - appH   hysteresis loops and the 
estimation of the energy product (BH) from them with different shape (different values of the 
demagnetizing factor, N ) for three permanent magnets with different coercivities of c s/ 1/ 4=H M  
(A), 1/ 2  (b), 3/ 4  (c). The gray line in each BH panel indicates the true energy product (BH) since it 
obtained from the remanent magnetic flux density, rB  and the internal field r= −H NM  for all 




 In the case of a general magnetic material, if the remanent magnetization is not the same as the 
saturation magnetization according to various extrinsic factors such as microstructure, and the magnetic 
anisotropy inherent in the magnetic material is not sufficiently large, the hysteresis curve M(Happ) is 
sensitively changed according to the shape of the magnet. Figure 2.10 shows how differently the energy 
product can be predicted according to the shape when the remanent magnetization (Mr) is not the same 
as the saturation magnetization Ms even though the hysteresis curve M(Happ) does not change according 
to the shape of the magnet. Both the ( )0 appH M +  curve and the B(H) curve according to Happ show 
a lot of difference from the slope of the straight-line graph that appears according to the shape of the 
remanent magnetic flux (Br) and the remanent demagnetizing field in the second quadrant. Accordingly, 
there may be a significant difference from the energy product predicted by the hysteresis loop and the 
actual remanent magnetic flux (Br) and the remanent demagnetizing field. As shown in the graph on the 
right of Figure 2.10, the ( )0 appH M +  curve according to Happ predicts incorrect values in all 
sections except 0, and the B(H) curve also predicts incorrect values other than the values for the given 
shape. If the hysteresis curve M(Happ) is sensitively changed to the shape of the magnet, since the 
remanent magnetic flux and the remanent demagnetizing field at this time lose a linear proportional 
relationship according to the shape, the prediction by the hysteresis curve is impossible. Moreover, the 
maximum energy product value may have a maximum value at a value other than the demagnetizing 
factor of N = 1/2. Therefore, in this case, it is necessary to derive the maximum energy product by 





Figure 2.10 The second quadrant of the B-H and ( )0 app +H Mμ  - appH  hysteresis loops and the 
estimation of the energy product (BH) from them with different shape (different values of the 
demagnetizing factor, N ) for the permanent magnets with the remanent magnetization, rM  which is 




3. Research Methods 
3.1 Micromagnetic Simulation 
The micromagnetic simulation is the numerical tool to solve the micromagnetic problem, such as the 
magnetization switching, and dynamics of the magnetic structure, in the nano- and micro-scaled 
magnetic medium. Comparing with first principle method calculating fully quantum mechanical wave 
function for the atomic nature of materials, the micromagnetic simulation is based on micromagnetics 
which is basic theory to use classical physics with the continuum approximation. The main task of the 
micromagnetic simulation is tracking energetically equivalent magnetization configuration considering 
micromagnetic energies through the minimization of the total free energy using variational calculus. 
There are a variety of micromagnetic energies. Although there are many kinds of the micromagnetic 
energies, the representative energy terms for permanent magnet are considered such as exchange energy, 
demagnetization energy, magnetocrystalline anisotropy energy, and Zeeman energy. Detailed energy 
terms considered in the micromagnetic simulation is introduced in Ch.2.1. 
The first thing to solve the magnetic problem by using micromagnetic simulation is to establish the 
discretized magnetic geometry. The discretized geometry is composed of micromagnetic cells, and the 
magnetization having the material information is assigned to each cell. In general, the size of the 
micromagnetic cell should be selected below the exchange length, which is the length scale where the 
magnetization changes smoothly without strong inhomogeneity. In the micromagnetic simulation, finite 
different method (FDM) and finite element method (FEM) are widely used to discretize the geometry. 
There are a variety of micromagnetic simulation codes. In this thesis, mumax3 code developed by Ghent 
University is adopted for the simulation [10], which has an advantage in fast computing speed by using 
graphical processing unit (GPU) acceleration and uses finite different method (FDM). 
There are several advantages on using the micromagnetic simulation for studying permanent magnet. 
The one thing is that the study via simulation can convert the resource for investigation. For instance, 
the cost for the simulation is determined by the calculation size, not by the price of the material or the 
experimental equipment. Thus, various materials and condition can be calculated according to physical 
properties. The strongest factor of the micromagnetic simulation is that the physical quantities of all 
positions can be known individually. From the physical quantities, we can assemble or calculate what 
we want to know about the system. Especially, it is hard to visualize or measure the magnetic field from 
the magnetic materials. To overcome the limitation of measurement for the magnet, I have carried out 




4. Effect of Microstructure on Magnetic Properties 
4.1 Anisotropy Distribution 
Before modeling microstructure for a magnet, how microstructure of the magnet is composed should 
be understood. As discussed in previous chapter, magnetic material for the permanent magnet has high 
crystalline anisotropy energy along its easy axis affected by the crystal structure. In general, a magnet 
is composed of many grains, each grain has its own crystal orientation with certain distribution, which 
has largely affected the performance of the magnet including the coercivity and the energy product [9], 
[18]–[28]. From Stoner-Wohlfarth model assuming a certain deviated angle from the easy axis, the 
remanent magnetization (Mr), which is an important element for determining the energy product at the 
remanent state, is decreased by increasing the deviated angle from the easy axis of the magnet. 
( )2 20d rBH B H N N M= −  = − −  
Thus, magnet consists of grains perfectly aligned along the easy axis has theoretically highest energy 
product. However, it is difficult to make perfectly aligned magnets unless they are made of a single 
crystal. Moreover, Kronmüller et al. showed that the coercivity of a magnet should be determined by 
the minimum nucleation field for misaligned grain and the degree of grain alignment results in weak 
angular dependence of the coercivity due to the effects of the reversal of the misaligned grains emitting 
local stray field [23], [29]–[31]. To reduce the loss of the energy product because of the misalignment, 
when synthesizing the magnet, it goes through the process of aligning the direction of the crystal in the 
grain structures inside the magnet with strong external magnetic force [32]–[34]. From this process, the 
anisotropy of the grains in the magnet follows a certain distribution. To obtain high energy product and 
designing the microstructure of a magnet, understating the crystal anisotropy alignment of the general 
magnet should be studied. Much research about the degree of the alignment have already been carried 
out. As a result, the direction of the crystal structure in the magnet with the magnetic field applied during 















Where θ is the deviated angle from the easy axis, and   is the orientation distribution coefficient 
representing the degree of grain easy-axis alignment. This function can be simplified by changing θ to 
tan  because the sign of the deviated angle is meaningless according to the magnetic energy. So, the 



















Figure 4.1 (a) Normal Gaussian distribution for the deviated angle from the easy axis of the magnet 
having the uniaxial crystalline anisotropy. (b) “tan-type” Gaussian distribution. 
 
 




The degree of the alignment can be expressed by following equation.  



























Where the ratio of the remanent magnetization (Mr) to saturation magnetization (Ms) or by the average 
deviated angle from the easy axis represent the degree of the alignment (α). For instance, the probability 
function by the deviated angle with different standard deviation is calculated and plotted in Figure 4.2.  
From this equation, the function of the degree of alignment to the change of the orientation distribution 
coefficient representing the degree of grain along easy axis alignment (σ) is calculated and expressed 
as shown in Figure 4.3, and the distribution of grain alignment is used in all the study about the 
microstructure after this chapter. 
In order to elucidate the relation between the degree of anisotropy alignment and magnetic hysteresis 
curve, the simple magnetic structure composed of Sm(FeCo)12 by micromagnetic simulations according 
to various standard deviation value for tan-type Gaussian distribution. As a model system, I adopt the 
200 × 200 × 200 nm3 sized cube in which the microstructure is formed in grains having different 
anisotropy direction as shown in Figure 4.4. I assumed that the easy axis of magnetocrystalline 
anisotropy is z-axis and it distributes normally in each grain with standard deviation of 0.55, 0.95, and 
1.44. The hysteresis loops were calculated by applying external magnetic field ranging from -10 T to 
10 T along z-axis. As shown in Figure 4.5, the remanent magnetization (Mr) varies dramatically 
according to the alignment (α) and resulting coercivity and the energy product is represented in Table 
4.2. From the simulation results, the remanent magnetization is almost corresponding with the 
expectation value from the equation. Because the remanent magnetization is decreased in low 
anisotropy alignment structure, the energy product is directly affected by the change the remanent 
magnetization. Even if the grains in the magnet is not perfectly aligned along the easy axis, the value 
of energy product is almost six times larger than that of the randomly aligned structure. Thus, aligning 
anisotropy direction of the grains inside the magnet by the external magnetic field affects largely the 





Figure 4.3 Degree of the alignment as a function of the orientation distribution coefficient 
representing the degree of grain easy-axis alignment. 
 
 
Alignment (α) Std. (σ) Average angle ( ) 
0.9 0.55 25.84 
0.8 0.95 36.87 
0.7 1.44 45.57 





Figure 4.4 Model system of Sm(FeCo)12 magnet composed of 30 nm size grains with various easy axes. 
 
Figure 4.5 Calculated magnetic hysteresis curve M(Happ) for various degree of the alignment (α). 
 
Alignment (α) Coercivity (T) Remanence (Mr/Ms) BH (MGOe) 
0.9 4.81 0.89 23.21 
0.8 4.48 0.79 17.43 
0.7 4.49 0.69 12.41 
random 4.34 0.49 4.64 





4.2 System shape 
As mentioned in previous chapter, the shape of a magnet affects the demagnetizing factor, which 
results in the change of the slope of the load line. So, the energy product is changed by the shape of the 
magnet. The hysteresis curves showing the M(Happ), M(H), B(Happ), and B(H) are investigated by the 
micromagnetic modeling, which is assumed composed of a single grain structure. The magnetic material 
for the model is MnBi, which have high anisotropy energy, but relatively low saturation magnetization 
of 0.63 T for the anisotropy field. As a model system, tetragonal structure having various aspect ratio 
of diameter to height of the magnet is used to study the effect of the system shape, and the schematic 
image, B(H), and B(BH) are shown in Figure 4.6. The hysteresis loops were calculated by applying 
external magnetic field ranging from -5 T to 5 T along z-axis, which is the easy axis of the system, and 
the hysteresis curves from the calculation are plotted on Figure 4.6. 
From the simulation results, there is little difference in the coercivity between the microstructures 
having various aspect ratio, but the difference does not affect the energy product due to its high 
coercivity. In the case all the shape of the single grain magnet, the second quadrant of the B(H) hysteresis 
curves is on the same line, which means that the only factor to determine the working point of the 
magnetic system is the demagnetizing factor (N) from the shape of the magnet because the coercivity 
does not have influence on the energy product if the value of the coercivity is enough high. In conclusion, 
the energy product can be controlled by the shape of the magnet in a single grain model having high 
enough crystalline energy, although the coercivity of each magnet is slightly different.  
However, normal bulk magnet is not a single grained structure. To compare more realistic system, I 
set the model system having grain structure with the size of 20 nm, which is aligned with the degree of 
the anisotropy alignment with 0.9, and the schematic images and hysteresis loops are represented in 
Figure 4.8. Except for the multi-grain structure in the magnet, other condition is same with the single 
grain model shown previously. Even if the coercivity is high enough for the magnet, if the grain structure 
is considered, B(H) curves does not lie on the same line, which means that the prediction for the energy 






Figure 4.6 The hysteresis curves B(H) and the energy product curve B(BH) for various shapes of the 
single grain magnet having different aspect ratio and same volume. 
 
 





Figure 4.8 The hysteresis curves B(H) and the energy product curve B(BH) for various shapes of the 
multi-grain magnet having different aspect ratio. 
 
 




4.3 Grain Structure 
4.3.1 Model System and Simulation Methods 
The coercivity, as an extrinsic magnetic property, does not have direct relationship with the energy 
product of the magnet. However, as discussed in previous chapter, the poor coercivity results in limiting 
to have high energy product. Thus, coercivity should be controlled by microstructure of the magnet 
such as grain size, grain shape, grain boundary for approaching to the anisotropy field, which is intrinsic 
property. In order to understand the reason of resulting coercivity and improve the energy product by 
designing optimal microstructure, various characteristics of the microstructure must be studied [36]–
[39].  
In this chapter, the simulations via the micromagnetic solver have been carried out for investigating 
the magnetic properties of model systems having various microstructures. Sm(Fe11Ti1) is selected as the 
material for the model system, which is one of the prominent candidates due to its high anisotropy field 
[47]–[50]. The anisotropy field, 1 02 /A sH K M=  is directly related to the crystalline anisotropy of 
the material, which means the potential coercivity of the magnet. I assumed that the z-axis was the easy 
axis of magnetization of the model system with a uniaxial crystalline anisotropy constant of 4.8 MJ/m3 
and it is distributed according to tan-type Gaussian distribution in each grain with standard deviation of 
0.95, where the degree of the anisotropy alignment with 0.8. The exchange stiffness Aex of 7.78 × 10−12 
J/m and the saturation magnetization Ms of 907.18 kA/m3 were assumed. In the finite differential 
calculation of the micromagnetic properties, a cubic cell of 1 × 1 × 1 nm3 was chosen, which was smaller 
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Where A is the exchange stiffness and K1 is uniaxial crystalline anisotropy constant. The exchange 
length is smaller value between two kinds of the exchange length, which are calculated from the 
saturation magnetization and the anisotropy constant. For the model microstructure, 200 × 200 × 100 
nm3 sized cuboid in which the microstructure is composed of many grains having different average size 
of 30, 50, 100 nm, and schematic image of the microstructure is shown in Figure 4.10. The shape of the 
system is selected for maximizing the energy product and the grain size is considered as smaller size 
than the single domain size (400 nm) to focus on the effect by the pinning of domain propagation at the 
interface between grains.  
Unlike the exchange interaction within a grain, the exchange coupling is diminished at the interface 
by several reasons such as the difference of the direction of the crystal structure, secondary phases 
created at the interface, the defects, and so on [10], [51]–[53]. Thus, the intergrain exchange interaction 
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is defined using the exchange stiffness Aex, the saturation magnetization Ms, and intergrain exchange 

























Where s is an arbitrary scaling factor which may be used to alter the exchange coupling between 
grains, and s = 0.1 and 0.9 are considered for the simulation. To obtain full hysteresis loops, an 
external magnetic field ranging from −10 to +10 T was applied along the easy axis. To obtain the 





Figure 4.10 Schematic images of the modeled magnets with different value of average grain size. The 




Structure type Tc (K) μ0HA (T) K1 (MJ/m3) 
ThMn12 584 10.5 4.8 
μ0Ms (BH)max (MGOe) δω (nm) dc (μm) 
1.14 32.5 4.0 0.4 
 
Table 4.3 The structure type, intrinsic magnetic properties including the Curie temperature TC, the 
anisotropy field HA, the anisotropy constant K1, the saturation magnetization, the theoretical limit of the 





4.3.2 Simulation Results 
At first, the simulated hysteresis curves M(Happ) of these models are shown in Figure 4.11. Largest 
difference between the model having difference intergrain exchange interaction (s) is the coercivity. 
The hysteresis curves with various average size of the grains with integrain interaction of 0.1 are 
simulated and plotted in Figure 4.11 (a). The hysteresis curves have similar tendency during reversal 
process, and the coercivity of the magnets are not that different. Because each grain is separated by the 
interface, the switching process also occurs, respectively following the anisotropy direction of each 
grain. When the magnetization of a grain is tilted by Stoner-Wohlfarth model having large deviated 
angle from the easy axis, the grain does not have large effect on neighboring grains, which causes 
delayed reversal of total system. Thus, the coercivity of weakly coupled microstructure is much larger 
than that of strongly coupled microstructure. However, in the case of the degree of the anisotropy 
alignment is 0.8, many of grains still does not switched at the remanent state, which results in enough 
high energy product even though the coercivity is decreased by almost half.  
The value of the energy product is plotted in Figure 4.12. By the reduction of the remanent 
magnetization, the energy product is also decreased by the increase of the average grain size. There are 
reasons why the microstructure having smaller grain has higher coercivity. The first reason comes from 
the change of the nucleation mode. In the nucleation process, whether the magnetization inside the 
magnet is switched coherently or with creating curl has a great influence on the coercivity. However, 
the critical size changing the nucleation mode is almost 400 nm, and the model system is designed as 
the microstructure composed of grains under 100 nm to avoid the effect from the nucleation mode 
change. Thus, the increase of the coercivity in small sized grains has another reason, which is the 
increase of the interface area between neighboring grains. The area of interfacial region in a certain size 
of the magnet is inversely proportional to the average size of the grains. The increased area of the 
interfacial region decelerates the diffusion of the switched grains.  
In order to analyze the reversal process, the schematic images of the switching magnet and the 
hysteresis curves to show the state are represented in Figure 4.13. The red colored grains are switching 
to the blue color by the external magnetic field applied along the opposite direction. While the Figure 
4.13 (b) shows that the grains are switched respectively, most of the grains in Figure 4.13 (c) are 
switched right after the color of the small section of the grain is changed to blue. Figure 4.14 shows the 




Figure 4.11 Magnetization curves of the simulated magnet for different average grain sizes of 30, 50, 




Figure 4.12 Energy product of the simulated system. Each circle on the graph means the value of 
calculated energy product at a certain external magnetic field, especially the points at the remanent state 



















30 4.5739 0.9086 18.2851 
50 4.6084 0.8723 16.4475 
100 4.4392 0.7777 14.1318 
0.9 
30 2.6448 0.9331 19.4854 
50 2.4443 0.8914 17.3779 
100 2.0458 0.7891 14.6148 
Table 4.4 The coercivity Hc, the remanent magnetization Mr, and the energy product values from the 





Figure 4.13 (a) Hysteresis loops of magnetization μ0M by applied magnetic field Happ for different 
intergrain exchange interaction of the model structure composed of 100 nm size grains. (b), (c) 
Schematic images of the magnetization along the z-axis (same direction with the easy axis). The grain 
structure is expressed in color according to the magnetization along z-axis, and the colored circle in (a) 





Figure 4.14 (a), (b) Histogram showing the proportion of the magnetization value in the z-axis direction 
to the whole material, which the value of the proportion is linearly proportional to the number of the 





To obtain a high energy product BH, the effect of the microstructure on the magnetic properties should 
be studied. In this chapter, various microstructures having different extrinsic properties have been 
investigated via micromagnetic simulations.  
First of all, the degree of the anisotropy alignment is most important factor affecting the energy 
product, which the deviated angle follows as tan-type Gaussian distribution. When I compare the model 
systems having aligned microstructure with 0.9 degreed of alignment with randomly distributed 
microstructure, the energy product value is almost six times larger than the energy product of randomly 
distributed model.  
The average size down of grains resulted in a high energy product value, as much of interfacial area 
of small grain size structure between grains disturbs the domain wall. By lowering the intergrain 
exchange interaction between neighboring grains, I obtained a high energy product value with much 
larger coercivity. The results reveal that the controlling the interface quality critically affects the 
coercivity, which can result in increasing stability of the magnet regardless the defects or the secondary 




5. Exchange-coupled Cylindrical Core/Shell Structure 
Exchange-coupled magnets are prominent candidates because they can exploit the advantages of both 
soft and hard-magnetic materials [54]–[60]. They also require a lesser amount of expensive rare earth 
elements. These magnets can attain high magnetic energies owing to the exchange coupling between 
the high-anisotropy hard-magnetic phase and the high-saturation-magnetization soft-magnetic phase. 
Magnetic energy is represented by the energy product BH, which is twice the energy stored in the 
stray field outside the magnet. As noted by Skomski and Coey et al. [61]–[63], (BH)max should be 
evaluated rigorously from the hysteresis loop by considering the exact working point, which is 
determined by the shape of the magnet. Particularly for semi-hard magnets such as Alnico [64], [65]and 
exchange-coupled magnets, the hysteresis loop varies significantly with the shape of the magnet. Thus, 
(BH)max cannot be estimated from the hysteresis loop of a magnet with a specific shape, such as a thin 
film or powder; rather, it should be obtained from the BH values at the remanent state for magnets with 
various shapes. 
In exchange-coupled magnets, the shape of the magnet has a great influence on the BH because not 
only the demagnetizing factor changes but also the area of the interphase between soft and hard phase 
for exchange-coupling. There is a trade-off with exchange hardening which maintains high remanent 
magnetization (Mr) by overcoming the shape anisotropy of the optimal shape through the interfacial 
exchange-coupling with hard phase. Recently, various studies have been actively carried out to find the 
optimal shape of the exchange-coupled magnet including layer-by-layer [66]–[68], core/shell structure 
[69]–[75], and mixed phase [56], [63], [76]–[82]. Since the layer-by-layer structure has the advantage 
of high packing efficiency, but it has a low nucleation field owing to strong demagnetizing field and 
nucleation mode by the layered structure, many researchers have been focused on controlling nucleation 
by manipulating the interlayer exchange coupling or thickness of the soft phase. To obtain a high 
nucleation field through a large interface between soft and hard phase, the core/shell structure has been 
proposed. Very recently, cylindrical core/shell microstructure has been presented not only for high 
energy product value but also for high nucleation field, which is compared in Figure 5.1. In addition, 
cylindrical core/shell structure has a benefit for controlling its demagnetizing factor determining 
working point with the change of the aspect ratio. 
In this study, we performed micromagnetic simulations on core/shell hard–soft exchange-coupled 
magnetic cylinder with various geometrical parameters and wide-ranging volume ratios of the hard-to-
soft phase, and rigorously evaluated the BH values at a working point considering the demagnetizing 
field, which is determined by shape. We explored the optimal geometry for maximizing BH by first 
examining the effects of dimensional scaling and phase ratio on a single exchange-coupled cylinder. 
Then, we examined the effects of scaling and the aspect ratio of the shape on arrays of exchange-coupled 




Figure 5.1 Volume and interfacial area of (a) sphere, (b) cylinder, (c) layer-by-layer structure for 
exchange-coupled magnet. 
 
 Sphere Cylinder Layer-by-layer 
Interfacial area high medium low 
Packing rate low medium high 
Demagnetizing factor 1/3 controllable ~1 





5.1 Model System and Simulation Method 
The exchange-coupled magnet model is illustrated in Figure 5.2. A cylindrical core/shell 
nanostructure with length L, consisting of a hard-magnetic core with diameter D surrounded by a soft-
magnetic shell of thickness t is adopted. And I calculated the full hysteresis loop of the model using the 
finite differential micromagnetic solver MuMax3 [10]. We selected Sm2Co17 as the hard-magnetic phase 
with an exchange stiffness Aex,hard of 1.4 × 10−11 J/m and saturation magnetization Ms,hard of 1.034 MA/m3. 
For the soft-magnetic phase, we selected FeCo with an exchange stiffness Aex,soft of 1.0 × 10−11 J/m and 
saturation magnetization Ms,soft of 1.913 MA/m3 [83]–[85]. In the finite differential calculation of the 
micromagnetic properties, a cubic cell of 2 × 2 × 2 nm3 was chosen, which was smaller than the 
exchange length of both phases. We assumed that the z-axis was the easy axis of magnetization of the 
hard-phase with a magnetocrystalline anisotropy constant of 3.3 × 106 J/m3, whereas the soft-phase shell 
exhibited no crystalline anisotropy. We assumed perfect exchange coupling between the hard and soft 
phases with a harmonic mean value of Aex/Ms for each phase. To obtain full hysteresis loops, an external 
magnetic field ranging from −10 to +10 T was applied along the easy axis. To obtain the correct BH 
values, we calculated mean value of the dot product of H and B in each cell. 
To investigate the effect of the volume fraction of the high-magnetization soft phase on BH, we 
calculated the full hysteresis loops of the hard–soft core/shell cylinder with various shell thicknesses, t. 
To maximize the internal field Hd at remanence, we assumed that the hard core had dimensions of D = 





Figure 5.2 (a) Schematic of cylindrical core/shell structure with length L composed of hard-magnetic 
core with diameter D and soft-magnetic shell with thickness t. (b) Schematic of n × n array of cylindrical 
core/shell structures with 2 nm intervals between the cylinders. 
 
 
Figure 5.3 (a) Hysteresis loops of magnetization μ0M by applied magnetic field Happ for different 
thickness (t) soft-magnetic shells. (b) Second quadrant of the B versus H = Happ + Hd loop (left) and 
energy product BH (right) of cylindrical core/shell structure. The spherical markers indicate the 
magnetic flux considering the demagnetization field Hd when Happ = 0. The dotted lines on the right side 




5.2 Simulation Results 
As depicted in Figure 5.3 (a), the saturation magnetization Ms increases in proportion to the volume 
fraction of the high-magnetization soft-phase, fs, according to the equation Ms = (1 – fs)Ms,hard + fsMs,soft. 
However, the remanent magnetization Mr decreases suddenly when fs exceeds 0.33 (t = 6 nm). As a 
result, BH also falls abruptly. Because the soft phase exhibits no crystalline anisotropy, its magnetization 
switching depends on the balance between shape anisotropy and exchange hardening. Exchange 
hardening is inversely proportional to t; therefore, when the volume of the soft-magnetic phase is 
increased by increasing t, the shape anisotropy becomes more dominant than exchange hardening. 
Consequently, when t exceeds a critical value, the soft-magnetic phase does not follow the axis of the 
hard-magnetic phase owing to its shape anisotropy. For our model system, the critical value is 4 nm and 
thus hysteresis loops for t > 4 nm in Figure 5.3 (a) show two nucleation fields, which reveals that the 
soft phase starts to switch first followed by the hard phase. Hence, the negative nucleation field HN of 
the soft-magnetic phase in the hysteresis loop can cause a sudden reduction in Mr. 
Figure 5.3 (b) illustrates the second quadrant of the B–H loops (left-hand side, LHS) and the energy 
product BH (right-hand side, RHS) for core/shell magnets with different volume fractions of the soft-
magnetic phase. The lines and symbols on the RHS represent the BH values and the working points at 
the remanent state for each geometry, respectively. To obtain the precise BH values, we integrated B·H 
in each cell for the whole volume instead of the conventional estimation derived from the area in the 
second quadrant of the B–H loop. There is a clear difference between BH calculated in two different 
ways. For instance, the integrated BH at the working point for (D, t, L) = (48, 30, 24) as seen a green 
symbol in the RHS of Figure 5.3 (b) has nonzero value notwithstanding almost zero value of the area 
in the LHS of Figure 5.3 (b). 
To estimate the effect of dimensional scaling on BH, we compared the hysteresis loops and BH values 
for various scales while maintaining t = D/4 and L/D = 0.5 (Figure 5.4 (a) and (b)). As the scale 
decreased, HN moved in the positive direction. When D was reduced to 16 nm, HN became positive, 
significantly increasing BH to 0.6934 MJ/m3—twice the value for the hard-magnetic cylinder. This 
reveals that scaling has a significant effect on the balance between exchange hardening and shape 
anisotropy. Because shape anisotropy mainly depends on the aspect ratio of the shape, scaling down 
increases the dominance of exchange hardening. When reducing the scale of the magnet, the thickness 
of the soft-magnetic phase decreases proportionally to the scaling factor, whereas the soft-phase volume 
fraction (which determines the saturation magnetization) remains unchanged. As exchange hardening 
is inversely proportional to the thickness, it increases significantly in comparison with the shape 
anisotropy. Below a specific scale (D = 16 in Figure 5.4 (a)), HN becomes positive, which considerably 





Figure 5.4 (a) μ0M–Happ hysteresis loop of cylindrical core/shell structures with different scales. (b) 
Second quadrant of the B–H loop (left) and energy product BH (right) of cylindrical core/shell structures. 
The spherical markers indicate the magnetic flux considering the demagnetization field when the 




The scaling effect can be clearly observed in the plots of BH vs. fs in Figure 5.5 (a) for various values 
of D. At small values of fs, the BH plots follows the theoretical increment of (BH)max (dashed line) 
because of the enhancement of the saturation magnetization according to the equation (BH)max = 1/2 μ
0(Ms)2. However, as fs increases above a critical value, BH suddenly decreases. The fs value at which 
the plot deviates from the theoretical estimation depends on the scale of the magnet; the larger the scale, 
the lower the critical value of fs. Figure 5.5 (b) depicts the plots of HN vs. fs, in which the critical fs value 
is directly related to the sign of the nucleation field. This indicates that it is crucial to maximize the soft-
magnetic phase fraction as much as possible while keeping HN positive. Consequently, a smaller-scale 
system that follows the theoretical (BH)max estimation up to a higher soft-phase fraction can result in a 
higher BH. 
As mentioned in the previous paragraph, we demonstrated that a positive nucleation field is essential 
for achieving a viable exchange-coupled nanostructure magnet with a high BH. Moreover, a positive 
HN can be attained by scaling down the size of the magnet. Nevertheless, scaling down may limit the 
design flexibility or feasibility of scalable fabrication. To address this problem, we considered an array 
of nanostructured exchange-coupled magnets, similar to Alnico magnets or packed structures[64], [86], 
[87]. The array structure enables the magnet to be scaled up while maintaining the dominance of 
exchange hardening within each element. In this manner, by varying the aspect ratio of the elements, 
the shape anisotropy may assist exchange hardening. 
First, we explored the effect of the aspect ratio (L/D) of a single exchange-coupled nanostructure 
magnet. When L/D < 1.0, the easy axis by exchange hardening is perpendicular to that of shape 
anisotropy; hence, there is competition between them. However, as L increases, the easy axis of shape 
anisotropy aligns with that of exchange hardening, which enables the soft-magnetic phase to fully 
couple with the hard-magnetic phase, resulting in the hysteresis loops illustrated in Figure 5.7 (a) and 
(b). In particular, for the case of D = 24 in Figure 5.7 (b), the negative HN value becomes positive as L 
increases. Figure 5.7 (c) depicts the variation in HN with the aspect ratio L/D at different scales. All 
plots demonstrate a similar trend with the shape-anisotropy energy for an ellipsoid or cylinder, but with 
different offsets depending on the scaling. This is because exchange hardening depends on the scaling, 
whereas shape anisotropy does not. Interestingly, when D = 48 nm, HN does not become positive even 
at significantly high values of L/D, although it is expected to be positive based on the coupling of shape 
anisotropy and exchange hardening. This reveals that there is an additional scaling-dependent factor for 
determining HN; that is, the nucleation mode is affected by the scale. As the system size increases, the 





Figure 5.5 (a) Energy product BH as a function of the soft-phase volume fraction fs at different scales. 
The dashed black line represents the theoretical (BH)max according to fs. (b) Nucleation field HN of 
cylindrical core/shell structures as a function of fs at different scales. 
 
 
Figure 5.6 Diameter of the hard-magnetic core-fraction of the soft magnetic shell phase diagram. (a) 
The nucleation field (HN) from simulation results is plotted as black dots, and its color is linearly 
interpolated in each diameter. The black dashed line means that the calculated nucleation field is to be 
zero. (b) The energy product (BH) from simulation results is plotted as black dots, and its color is 
linearly interpolated in each diameter. The white dashed line indicates the theoretical maximum energy 




Increasing the length reduces the internal field Hd, which results in a decrease in BH above 0.5D, as 
depicted in Figure 5.7 (d). Because BH only depends on the remanent state, the value of the nucleation 
field itself does not affect the value of BH, apart from changing BH when the sign changes. (BH)max 
cannot occur at aspect ratios that maximize Hd (for example, at aspect ratios of L/D = 1, 1.6, and 4.5, 
where D = 24, 40, and 48 nm, respectively) due to the nucleation mode, as shown in Figure 5.7 (d).  
To scale up the nanostructured exchange-coupled magnet, we assume a simple array of n × n core/shell 
cylinders with 2 nm intervals between the cylinders, as illustrated in Figure 5.2 (b). Each cylinder is 
free from exchange coupling. Arrays of unit cylinders with geometries of (D, t, L) = (16, 4, 144) and 
(24, 6, 216) are considered, with both having a positive HN value according to Figure 5.7 (c). Figure 5.8 
(a) depicts the variation in BH according to the array size n. Increasing the lateral dimension n increases 
BH by maximizing the internal field Hd. Because the cylindrical units have the same aspect ratio but a 
different scale, they may be expected to demonstrate the same BH dependence on n. However, (BH)max 
is dependent on the unit geometry. With unit cylinder dimensions of (D, t, L) = (16, 4, 144), BH increases 
continually to 0.6554 MJ/m3 at n = 25; when (D, t, L) = (24, 6, 216), BH reaches a maximum of 0.4559 
MJ/m3 at n = 6 and then falls rapidly as HN becomes negative at n > 6 (Figure 5.8 (b)). This may be due 
to the dipole–dipole interactions among the unit cylinders in the array structure, which reduce the shape 
anisotropy of the unit cylinders and give rise to nonuniform cylinder-by-cylinder switching in the array 
structure. On the other hand, in the case of the array composed with unit cylinder of (D, t, L) = (16, 4, 
144), the exchange hardening overcomes dipole–dipole interaction until n = 40 with periodic boundary 
condition, and the HN keeps positive, which results in the BH follows quadratic function maximized at 
Hd = 1/2Ms. 
The results reveal that scaled-up bulk magnets can be fabricated through array structures of hard–soft 
exchange-coupled cylindrical magnets. In addition, the BH can be maximized by designing unit 
nanostructures with an optimal geometry and arranging them in an optimal array structure, with 
consideration of the sign of the nucleation field resulting from exchange hardening and shape anisotropy, 






Figure 5.7 μ0M–Happ hysteresis loops of magnetization for magnets with (a) (D, t) = (16, 4) and (b) (D, 
t) = (24, 6) for different lengths (L). (c) Nucleation field HN and (d) energy product BH of cylindrical 
core/shell structures as a function of the aspect ratio (L/D). 
 
 
Figure 5.8 (a) Energy product BH and (b) nucleation field HN of cylindrical core/shell structure arrays 
as a function of n. In array structure of 40 × 40, the periodic boundary condition (PB) is applied along 




To obtain a high energy product BH, various geometries of cylindrical core/shell hard–soft exchange-
coupled magnetic nanostructures have been investigated via micromagnetic simulations. The scaling 
down of the nanostructure resulted in a high BH value, as a high volume-fraction of the soft-magnetic 
phase could be attained while maintaining a positive nucleation field by exchange hardening. I 
demonstrated that this nanostructured magnet could be scaled up by preparing an array of exchange-
coupled cylinders. By creating needle-shaped nanostructured units and increasing the size of the array, 
I obtained a high BH value on a large scale. The results reveal the theoretical possibility of 
nanostructured exchange-coupled magnets, establish guidelines for design flexibility, and demonstrate 





As the trend of energy conversion changes from internal combustion engine to motor that converts 
electrical energy into kinetic energy, the importance of permanent magnets playing a key role in the 
motor is increasing in recent year. To develop high performance permanent magnet, many studies have 
been conducted to increase coercive force of a magnet maintaining stability and having high energy 
product. Since the microstructure of the magnet plays a key role in determining the coercivity and the 
energy product as extrinsic properties of the magnet. Since there are clearly experimental limitations in 
measuring magnetic field, in order to make a good permanent magnet, an accurate understanding of 
magnets and magnetism is essential. In this thesis, the influence of various microstructures on magnetic 
properties and the modeling of microstructures using them were studied via micromagnetic simulation. 
The energy product BH is the figure-of-merit, which is twice the energy stored in the stray field 
outside the magnet. It can be obtained from the volume integral of the square of the stray field outside 
the magnet, or from the volume integral of the dot product between the demagnetizing field Hd and the 
internal magnetic flux density B. In the case of a general magnetic material, if the magnetic anisotropy 
energy of the magnet is not sufficiently large, the remanent magnetization (Mr) is not the same as the 
saturation magnetization (Ms) according to various extrinsic factors such as microstructure, and the 
hysteresis curve M(Happ) changes sensitively according to the shape of the magnet. Thus, the practical 
energy product cannot be predicted without considering the demagnetizing field inside the magnet, it is 
necessary to derive the maximum energy product by making various shapes of the magnetic material. 
From micromagnetic simulation of the modeled microstructure having constraint extrinsic properties 
such as degree of the grain anisotropy alignment, system shape, grain size, and intergrain exchange 
interaction, all the extrinsic properties influence the hysteresis of the magnet in complex combination. 
Especially, the degree of the grain anisotropy alignment determined from post-treatment process when 
manufacturing magnets is directly related to the remanent magnetization Mr, which results in the energy 
product at the remanent state. In addition, the smaller the average grain size under the single domain 
size of the material, the higher energy product due to its strong nucleation field, which comes from the 
size effect of the magnet and pinning of the domain wall propagation during the reversal process. With 
maximizing this pinning phenomenon at the interface, the low intergrain exchange interaction makes 
the nucleation field of the magnet large. In experiment, this decoupling of each grain can be enhanced 
by creating nonmagnetic materials at the grain boundary. 
Finally, the exchange-coupled cylindrical core/shell magnet is investigated to obtain high energy 
product by combining hard and soft magnetic materials. The scaling down of the nanostructure causes 
a high BH value, as a high volume-fraction of the soft-magnetic phase could be attained while 
maintaining a positive nucleation field by exchange hardening. I demonstrated that this nanostructured 
magnet could be scaled up by preparing an array of exchange-coupled cylinders. By creating needle-
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shaped nanostructured units and increasing the size of the array, I obtained a high BH value on a large 
scale. The results reveal the theoretical possibility of nanostructured exchange-coupled magnets, 
establish guidelines for design flexibility, and demonstrate the feasibility of scalable fabrication of bulk 
magnets with arrays of exchange-coupled nanostructures.  
From the studies for enhancing the energy product, many of extrinsic properties have been understood 
and prominent model system as exchange-coupled magnet is also proposed. However, there is still 
discrepancy between the experimental results and the simulation results of the modeled magnetic 
system, and there are also limits to the size of the micromagnetic simulation. To further reduce the 
discrepancy, the combination of statistics and the micromagnetic simulation will be developed for 
predicting the bulk sized magnetic properties. In addition, through the analysis of the hysteresis loop 
resulting from the experiment, new model that can predict the microstructure of the magnet and suggest 
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더 많은 것을 배우고 알고 싶어 UNIST 에 들어와 대학원생이 된 지도 어느덧 
7 년이라는 시간이 흘렀고, 이제는 박사 학위 과정의 끝자락에 서 있습니다. 항상 
겸손한 자세로 많은 것을 배우고 발전하려 노력해 왔지만 아직도 부족하기만 합니다. 
그럼에도 이 자리에 있을 수 있는 것을 저 혼자만의 힘이라고 생각하지 않습니다. 저를 
지도해 주시고 지지해주신 많은 분들 덕분에 무사히 학위를 마칠 수 있었고, 이 글을 
통해 감사한 분들에게 작게나마 마음을 표현해 보고자 합니다. 
먼저 아무 것도 모르는 저를 거두어 주신 이기석 교수님, 부족하지만 한 명의 
연구자로서 성장할 수 있게 앞에서 끌어 주시고 때로는 뒤에서 든든하게 밀어주신 
교수님께 진심으로 감사의 말씀을 드립니다. 7 년이라는 짧지 않은 시간을 교수님의 
제자로 지내면서 참된 연구자의 자세를 배우고 성장했을 뿐 아니라 인간으로도 많이 
성장할 수 있었습니다. 이기석 교수님의 지도와 기다림이 있었기에 지금의 제가 있을 
수 있었다고 생각합니다. 그동안의 가르침을 마음에 품고 교수님의 울타리에서 
나가서도 항상 정진하여 자랑스러운 제자가 될 수 있도록 노력하겠습니다.  
귀중한 시간을 내서 학위 논문 심사를 해 주신 김주영 교수님, 김지윤 교수님, 
손흥선 교수님, 박지훈 박사님께도 감사합니다. 저에게 주신 가르침을 새기고 연구하며 
살아가도록 하겠습니다. 다양한 학문의 기초를 알려 주신 UNIST 신소재 공학부 
교수님들께도 감사의 말씀을 드립니다. 빔라인에 실험하러 갈 때면 실험과 연구 방법에 
대해 알려주시고 그 외에도 많은 면에서 도움을 주신 임미영 박사님과 실험하고 있을 
때 한번씩 찾아와서 방향을 짚어 주신 유영상 박사님께도 깊은 감사의 말씀을 
드립니다.  
장비도 제대로 구축되지 않았던 처음의 실험실부터 같이 성장해 나가면서 오랜 시간 
함께한 자성 재료 연구실 동료들에게도 늘 감사하고 있다는 말을 전하고 싶습니다. 
기쁜 일도 힘든 일도 함께하며 가족보다 긴 시간을 보내온 동료들이 있어서 큰 힘이 
되었습니다. 무수한 순간들을 같이 고생하면서 지낸 수석이는 앞으로는 웃는 일만 
가득했으면 하고, 항상 열심히 연구하고 연구실에 활력을 불어넣어준 희성이 그리고 
함께하며 친동생처럼 지낸 대한이도 부족한 저를 따라주고 끌어줘서 고마웠고 하고자 
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하는 모든 것이 잘 되기를 진심으로 기원합니다. 분위기를 주도하고 이제는 실험실의 
기둥이 된 명환이와 혜진이, 특별히 많은 걸 알려주지 않아도 알아서 잘 하는 강휘, 
수영이, 지민이에게도 부족한 선배를 많이 도와줘서 고맙다고 말하고 싶고, 앞으로도 
서로 잘 지내고 각자 좋은 결실을 맺었으면 합니다. 
항상 뒤에서 응원해주고 격려의 말을 해준 친구들과 지인분들께도 감사의 마음을 
전하고 싶습니다. 
마지막으로 소중한 가족들에게 감사를 전하고 싶습니다. 언제나 믿음과 사랑으로 
저를 대해주신 부모님께 이 기회를 빌려 진심으로 감사하고 사랑한다고 말하고 
싶습니다. 부모님의 존중과 신뢰가 있었기에 지금의 제가 있을 수 있었다고 생각합니다. 
그리고 하나뿐인 내 동생 남재도 언제나 고맙고 행복 했으면 합니다. 
박사라는 가볍지 않은 학위의 무게에 어울리는 사람이 되기 위해, 그리고 수많은 
감사한 분들에게 보답하기 위해, 항상 감사하고 불평하지 않으며 “어제의 나보다 나은 
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